We analyzed a Japanese chick wingless mutant (Jwg) to know a molecular mechanism underlying wing development. We observed expression patterns of eleven marker genes to characterize the mutant. Expressions of dorsoventral (DV) and mesenchymal marker genes were intact in nascent Jwg limb buds. However, expression of Fgf8, a marker gene for the apical ectodermal ridge (AER), was delayed and shortly disappeared in the wing regressing AER. Later on, ventral expression of dorsal marker genes of Wnt7a and Lmxl indicated that the wing bud without the AER became bi-dorsal. In addition, the posterior mesoderm became defective, as deduced from the impaired expression patterns of Sonic hedgehog (Shh), Msxl, and Prxl. We attempted to rescue a wing by implanting Fgf8-expressing cells into the Jwg wing bud. We found that FGF8 can rescue outgrowth of the wing bud by maintaining Shh expression. Thus, the Jwg gene seems to be involved in maintenance of the Fgf8 expression in the wing bud. Further, it is suggested that the AER is required for maintenance of the DV boundary and the polarizing activity of the established wing bud.
Introduction
How the limb arises in the vertebrate embryo is a fundamental question for developmental biology. The recent advances in molecular embryology have revealed the function of numerous key signaling molecules in limb development. The limb bud first emerges as a bulge from the lateral plate mesoderm. Initiation of the bulge can be triggered by members of the fibroblast growth factor (FGF) family (Cohn et al., 1995; Mima et al., 1995; Ohuchi et al., 1995; Crossley et al., 1996) . Before the bulge is obvious, the overlying ectoderm of the limb-forming region begins to express Fgf8, suggesting that FGF8 might be involved in the early event of limb development (Ohuchi et al., 1994; Crossley and Martin, 1995; Mahmood et al., 1995; Crossley et al., 1996; Vogel et al., 1996) . Subsequent growth and epithelio-mesenchymal interactions give rise to signaling centers such as the apical ectodermal ridge (AER) and the zone of polarizing activity (ZPA). Sonic hedgehog is likely the mediator of the polarizing activity of the ZPA, which is thought to specify pattern along anteroposterior axis of the developing limb (Riddle et al., 1993; Chang et al., 1994) . Also, it was shown that members of the FGF family, such as FGF4, FGF2, and FGF8 can replace the ridge function when pro-vided after removal of the AER (Niswander et al., 1993; Fallon et al., 1994; Crossley et al., 1996; Vogel et al., 1996) . On the other hand, regarding the dorsoventral (DV) pattern formation, Wnt7a and Lmxl were demonstrated to be involved in the dorsal pattern formation (Riddle et al., 1995; Vogel et al., 1995) , and Enl in the ventral (Loomis et al., 1996) .
One of the important questions to be answered for limb development is how morphological differences between the forelimb (wing) and the hindlimb (leg) are established. One approach to answer this question is the analysis of mutant animals, among which are chick wingless mutants. So far, four wingless mutants have been reported. Two of them are autosomal recessive mutants having severe defects in kidneys, lungs, and down, although the first has become extinct (American wingless; Waters and Bywaters, 1943; Zwilling, 1956a; Carrington and Fallon, 1984; Abbott and Pisenti, 1993) . By contrast, the third is not lethal and a sex-linked mutation (European wingless; Pease, 1962; Lancaster, 1968; Wilson and Hinchliffe, 1985) . In addition to anatomical and genetic studies on the wingless mutants, histological analysis also has been done to clarify the cause of winglessness. One cause for wing truncation is thought to be the early regression of the AER (Zwilling, 1956a; Hinchliffe and Ede, 1973; Sawyer, 1982) . The AER is a thickened epithelium at the DV boundary of the limb bud and known to mediate limb bud outgrowth along the proximodistal axis (Saunders, 1948; Zwilling, 1956a; Goetinck, 1964; Summerbell, 1974) .
On the other hand, several recombination and transplantation experiments have been carried out to elucidate whether the primary defect exists in ectoderm or mesoderm of the wingless wing buds. In the case of American wingless, it was reported that the ectoderm is first affected by the mutant gene product at the pre-limb bud stage and the mesoderm becomes subsequently defective at the limb bud stage (Zwilling, 1974; Carrington and Fallon, 1984) . Also, Wilson and Hinchliffe (1985) have shown that European wingless has no deficiency in the posterior mesoderm of the wing bud, as shown by the ability of posterior tissues to induce mirror-image duplications when grafted to the anterior of normal limbs. Despite the importance of these previous studies, none have provided information on the molecular basis of winglessness.
In the present study, we focused on a Japanese wingless mutant designated Jwg, which was originally reported by Kondo et al. (1961) . The Jwg chick arose in a descendant of the Light Sussex strain and completely lacks wings. It shows various types of leg defects to a lesser extent but dose not have any defects in internal organs or down (Hirai, 1962) . We analyzed the Jwg embryo by examining gene expression patterns of the key signaling molecules in wing development. We present evidence indicating that the reduced expression of the Fgf8 gene in the Jwg wing ectoderm causes a subsequent defect in maintenance of the DV boundary and the posterior region of the wing bud. We have also found that an exogenous supply of FGF8 can restore a partial wing in the Jwg embryo. Thus, the Jwg gene seems to be involved in maintenance of the Fgf8 expression in the wing bud. Further, it is suggested that the AER is required for maintenance of the DV boundary and the polarizing activity of the established wing bud.
Results

Phenotypes of Jwg
As a first step in our analysis, we observed the morphological change in the Jwg wing bud. It develops until about stage 18, but thereafter it ceases outgrowth (Fig. 1A,B) , as found in other wingless embryos (Zwilling, 1956a; Hinchliffe and Ede, 1973; Zwilling, 1974; Wilson and Hinchliffe, 1985) . The resultant wing is truncated at the pectoral girdle (Fig. 1C) , or rarely the most proximal part of the humerus is observed (data not shown). In addition, diverse but rather subtle leg defects were found (see Section 4). In this study, we focused on winglessness and the phenotypes in the leg will be studied elsewhere.
The Jwg wing bud does not have a well-developed AER
We examined whether Jwg has a typical AER structure. We found that the Jwg leg bud ectoderm has a well-developed AER, whereas the rudimentary wing bud mesoderm is covered by a compact ectoderm reduced in height (Fig.  1E,F) . Thus, the absence of the thickened AER in Jwg wing buds is likely to correlate with a complete truncation of the wing. Since several previous reports showed that the wing bud of other wingless mutants lacks a well-developed AER (Zwilling, 1956a; Hinchliffe and Ede, 1973; Sawyer, 1982) , the Jwg gene may be closely related to the mutant gene for other wingless mutants.
Impaired expression patterns of the AER and ZPA marker genes in Jwg wing buds
Since the regression of the AER was found in the Jwg wing bud, as revealed by histological examination, we performed whole-mount in situ hybridization on mutant and normal embryos to explore the underlying molecular correlates of the AER regression. First, we examined gene expression patterns of Fgf8, Fgf4, and Shh, which are molecular markers for the prospective limb ectoderm and the AER, (Ohuchi et al., 1994; Crossley and Martin, 1995) , the polarized AER (Niswander et al., 1994) , and the ZPA, respectively (Riddle et al., 1993) . Chicken Fgf8 expression is first detectable at stage 16 in the normal prospective wing ectoderm (Mahmood et al., 1995; Crossley et al., 1996) . However, the Jwg embryo was yet to express the Fgf8 gene in the presumptive wing ectoderm
the normal wing ectoderm precedes that in the leg (Crossley et al., 1996) . At stage 18/19, Fgf8 expression became detectable in the mutant wing ectoderm, although the level of expression seems much lower than seen in the leg bud (Fig. 2E,F) . At stage 19/20, Fgf8 expression decreased markedly, indicating regression of the thickened AER (Fig. 2G,H) . Shh is distinctly expressed in the posterior mesoderm of the normal chick limb bud by late stage 18, as reported previously (Laufer et al., 1994) . However, Shh expression was considerably weaker in the stage 19/20 mutant wing bud (Fig. 2I) , while Shh was normally expressed in the posterior mesenchyme of the leg bud of the same embryo ( Fig. 2J) . At stage 24/25, no transcripts of Shh were detected in the wing stump (Fig. 2K) . By contrast, Fgf4 expression, which was shown to be induced in the posterior domain of the AER by Shh (Laufer et al., 1994; Niswander et al., 1994) , was not detected in the Jwg wing bud at stage 19 and thereafter (Fig. 2L ). at stage 17/18, whereas it was expressed normally in the prospective leg ectoderm ( Fig. 2B-D ). This result contrasts with a finding that the onset of Fgf8 expression in
The early
The limb develops through a series of interactions between the ectoderm and the underlying mesoderm (Saunders and Gasseling, 1968) . The defect in wingless mutants have been characterized as cessation of limb bud outgrowth. To know whether the limb ectoderm or the mesoderm is primarily responsible for the defect, tissue recombination experiments have been done on the mutants, because no suitable marker genes for ectoderm nor mesoderm of the limb bud have been found. Recently, in addition to an ectoderm marker gene such as Fgf8, we found a new Fgf gene, FgflO, which can be used for a marker of the early limb mesenchyme (Yamasaki et al., 1996; Ohuchi et al., manuscript in preparation) . The FgflO gene is expressed in the prospective limb mesoderm before Fgf8 expression begins and later in the limb mesenchyme underneath the AER (data not shown). Therefore, we examined FgflO expression in the early Jwg wing bud to know whether the preceding mesodermal defect causes that of the ectoderm. At stage 17/18, FgflO was normally expressed in the mutant wing bud as observed in the leg bud ( Fig. 3A) and normal wing buds (data not shown). By stage 20/21 (Fig. 3B,C) , however, expression of FgflO disappeared in the Jwg wing bud. As reduced from the Fgf expression patterns, the primary defect seems to exist in the ectoderm rather than the mesoderm. Further, the dysfunction of the ectoderm by stage 20 in the mutant wing bud is likely to diminish the FgflO expression in the Jwg wing mesenchyme.
Jwg posterior wing bud mesoderm reduces Msxl and Prxl expression
Continuous interactions between the AER and the underlying mesoderm, namely the progress zone (PZ; Summerbell et al., 1973) , are required for the limb bud outgrowth. A homeobox gene, Msxl, was found to be expressed in the PZ in addition to the AER (Hill et al., 1989; Suzuki et al., 1991; Nohno et al., 1992) . We analyzed its expression pattern in the Jwg limb buds to examine whether the cells in the PZ are defective due to the AER dysfunction. At stage 17, when the limb bud begins to emerge, Msxl expression becomes restricted to the early limb bud mesoderm in the case of normal embryos (Suzuki et al., 1991) . Msxl expression was slightly reduced in the mutant wing bud at this stage (data not shown). At stage 19/20, Msxl expression was specifically suppressed in the posterior domain of the wing bud, while normally expressed in the PZ of the mutant leg buds (Fig. 3D,E) . Another homeobox gene, Prxl, was also found to be expressed in the normal limb bud mesoderm although the expression domain is broader than that of Msxl (Cserjesi et al., 1992; Nohno et al., 1993) . We found that Prxl expression was similarly suppressed in the posterior domain of the Jwg wing bud at stage 25 ( Fig. 3F) in spite of the normal expression at stage 19 (data not shown).
Nascent Jwg wing buds normally express anterior and DV markers
From these in situ data, the posterior mesenchyme of the wing bud seems to be specifically affected by the Jwg mutation. To verify the intactness of the anterior mesenchyme of the mutant wing, we examined Msx2 expression in Jwg embryos. It has been shown that Msx2 is expressed in the anterior mesoderm of the normal limb bud as well as in the AER and the posterior mesenchyme (Yokouchi et al., 1991; Nohno et al., 1992) . We found that Msx2 was normally expressed in the mutant anterior mesoderm of wing and leg buds at stage 19/20 (Fig. 4A,B) . Furthermore, we observed expression pattern of Lh2 in Jwg embryos. Lh2 is a LIM homeobox-containing gene which is expressed in the anterior compartment of the limb mesoderm from at least stage 17 (Nohno et al., manuscript in preparation) . In stage 23 Jwg embryos, Lh2 was expressed in the anterior region of both limb buds, although the expression in the mutant wing bud was weaker than in the leg bud (Fig.  4C,D) . Thus, these results indicate that although the Shh expression is not observed, some kind of anteroposterior polarity is maintained in the Jwg wing bud.
To examine whether the DV axis of the Jwg wing bud might be affected or not, we observed expression pattern of Wnt7a in the Jwg limb buds. It has been reported that Wnt7a is expressed in the dorsal ectoderm of the normal limb bud (Dealy et al., 1993; Riddle et al., 1995) . We found that Wnt7a was normally expressed in the dorsal ectoderm of Jwg wing buds by stage 18/19 (data not shown; at stage 17, see Fig. 4E ). By stage 22/23, however, Wnt7a expression became extended to the ventral ectoderm of the mutant wing bud (Fig. 4F) . To verify the possibility that the bi-dorsal structures might be formed after the AER disappearance in the Jwg wing bud, we also examined expression pattern of the Lmxl gene. Lmxl was shown to be expressed in the dorsal compartment of the normal limb mesenchyme (Riddle et al., 1995; Vogel et al., 1995) . We found that Lmxl was normally expressed in the nascent Jwg wing bud (Fig. 4I ), but later on the expression became intense in the ventral mesoderm as well as in the dorsal (Fig. 4J) . Further, we examined Enl expression pattern as a marker for the ventral ectoderm (Gardner and Barald, 1992) in Jwg embryos. At stage 17/18, Enl was distinctly expressed in Jwg ventral limb ectoderm and the body wall. However, its expression in the mutant wing bud and body wall disappeared by stage 20/21, although it was expressed in the ventral ectoderm of the leg bud (data not shown). These results indicate that the DV boundary of the Jwg wing bud is established in the early stage, but disappears by stage 22/23.
7. FGF8 permits outgrowth of Jwg wing buds by induction of Shh in the mesoderm
The aforementioned in situ data showed that Fgf8 .expression is delayed in the prospective wing ectoderm of Jwg embryos in addition to the disappearance in the regressing AER. Further, the posterior mesenchyme of the mutant wing bud seems to be defective later on. Therefore, we hypothesized that the posterior mesenchymal defect might be caused secondarily by the AER regression. To verify this, we implanted Fgf8-expressing cells in the mutant posterior wing mesenchyme and examined whether a wing is restored in Jwg embryos (Fig. 5A) . By 24 h after grafting, we observed outgrowth of the posterior mesenchyme in the operated wing bud, compared with the untreated wing bud of the contralateral side. Further, Shh expression was maintained in the vicinity of the implanted (Fig. 5B) . At 10 days of incubation, FGF8 was able to proceed development in the proximodistal sequence of the mutant wing bud. The operated wings contained a humerus, one or two Fig. 5D ; 4/10 cases). In the absence of FGF8, none of the wing bones other than the pectoral girdle were formed (Fig. 5C ). Since we implanted Fgf8-expressing cells in the posterior region of the Jwg wing buds, it is reasonable that only the posterior bones were rescued (Vogel et al., 1996) .
Discussion
A possible function of the Jwg gene is to maintain expression of Fgf8 in the wing AER
One of the important findings on other wingless mutants fi was that the mutations are attributed to defects in the ectoderm (Carrington and Fallon, 1984; Wilson and Hinchliffe, 1985) . However, molecules involved in the mutations have not been identified yet. In the present study, thus, we analyzed the Jwg mutant to find a cause for a wingless mutation and to elucidate molecular mechanisms on normal chick wing development. We showed that wing buds are formed in the Jwg mutant, although Jwg chicks lack wings. In the Jwg wing bud, lack of the thickened AER was observed, which was also reported on other wingless mutants. Since the AER is known to play a key role in outgrowth of the limb bud (Saunders, 1948; Zwilling, 1956b; Goetinck, 1964; Summerbell, 1974) , the absence of wings in the Jwg mutant is thought to be caused by inability to outgrow due to the AER regression. Since FgF8 is the earliest gene to be expressed in the future limb ectoderm at the pre-limb bud stage and later in the ridge ectoderm of the established limb bud (Ohuchi et al., 1994; Crossley and Martin, 1995; Mahmood et al., 1995) , we examined the expression pattern of Fgf8 as a marker for the prospective ridge ectoderm and the AER in Jwg wing buds. We found that Fgf8 is expressed in the apical ectoderm of the nascent Jwg limb bud in spite of its delayed initiation, but not expressed later on. Furthermore, we found that FgflO expression pattern is normal in the early Jwg wing mesenchyme, but becomes undetectable afterward. Since vertebrate limb development is known to be divided into two phases, limb bud formation and outgrowth (reviewed by Tabin, 1995; Tickle, 1995) , these results indicate that the initial phase of the mutant wing development is rather normal. Further, since the expression of Fgf8 is defective rather than that of FgflO, the mesenchymal defect does not precede that of the ectoderm in the early limb bud stage. In later stages, when the ectodermal Fgf8 expression becomes undetectable, the mesodermal FgflO expression disappears in the Jwg wing bud. This is probably due to the AER regression, because we found that FgflO expression ceases after removal of the AER in normal limb buds (data not shown). Therefore, it is conceivable that the mesenchyme of the Jwg wing bud subsequently becomes dysfunctional because of regression of the AER.
In order to support the idea that FGF8 is a key molecule for outgrowth of the Jwg wing bud, we observed the effect of FGF8 on outgrowth of the wing bud. Recent studies have shown that members of the FGF family can replace ridge functions (Niswander et al., 1993; Fallon et al., 1994; Crossley et al., 1996; Vogel et al., 1996) . Vogel et al. (1996) implanted Fgf8-transfected cells in the posterior mesenchyme of the normal wing bud after entire removal of the AER to know a function of FGF8. They found that application of FGF8 can lead the limb bud without the AER to outgrow. We performed a similar experiment on the Jwg mutant. We demonstrated that outgrowth of the wing bud is restored by application of FGF8 in the Jwg wing bud, but the resultant wing morphology is slightly defective. In a control experiment with normal embryos, we observed a similar skeletal pattern of restored wings, following posterior application of the Fg)°8-expressing cells after entire AER removal (data not shown). The imperfect restoration, therefore, can be attributed to continuous application of FGF8 by implanted cells, as mentioned by Vogel et al. (1996) . Thus, our results show certainly that FGF8 can promote a proximodistal outgrowth of the Jwg wing bud. This is supported by the fact that FGF8 can rescue expression of Shh in the mutant posterior mesoderm. Taken together, it is concluded that the Jwg gene product seems to maintain expression of Fg)°8 in the wing AER.
The AER is required for maintenance of the DV boundary
The DV boundary is normally established in the Jwg early wing bud and thus the nascent AER seems to be formed in the Jwg wing bud. After that, however, the mutant wing AER does not develop further. Since the dorsal marker genes are expressed also in the ventral side of the wing bud, we considered that the DV boundary becomes lost in the Jwg wing bud at later stages and that the Jwg wing bud has bi-dorsal structures after disappear- FGF8-induced wing in a Jwg embryo at 10 days. The wing developed shows cartilage elements arranged in three proximodistal levels. This should be compared with a normal wing shown in (E). hu, humerus; r, radius; u, ulna; di, digit(s).
ance of the AER. Taken together, it is suggested that the AER is required for maintenance of a distinct DV structure in the limb bud. Since the Jwg wing bud becomes bi-dorsal, a signal from the AER probably produces a ventral pattern as suggested previously (Tickle, 1995; Akita, 1996) .
The Jwg gene may be related to the limbless gene
Recently, Ros et al. (1996) and Grieshammer et al. (1996) have reported a molecular dissection of the limbless mutant, which is an autosomal recessive mutation that causes a complete absence of limbs in homozygotes. In Jwg embryos, the limb truncation occurs specifically in the forelimb, whereas the limbless mutant lacks all four limbs. We compared the characteristics of the Jwg and limbless wing buds and found five major similarities as follows. (1 On the other hand, we found two major differences, as follows. (1) The Jwg wing ectoderm expresses Fgf8 in early stages, indicating that AER is once formed in the Jwg wing ectoderm. By contrast, the limbless limb ectoderm does not express at all, which seems to correlate with a histological finding that the AER is never formed (Carrington and Fallon, 1988) . (2) The nascent Jwg wing bud has a normal DV boundary. By contrast, in the limbless mutant, the limb buds exhibit bi-dorsal structures from the early stage. Since the AER is formed at the DV boundary of the limb bud (Meinhardt, 1983; Martin, 1995) , it is thought that the AER is not formed due to loss of the DV boundary in the limbless mutant (Ros et al., 1996; Grieshammer et al., 1996) . These differences suggest that the limbless gene may be expressed and function in the wing bud at an earlier time than the wingless gene. 
Experimental procedures
Normal and Jwg chick embryos
Jwg chicks were derived from Light Sussex descendants of the wingless stock originally reported by Kondo et al. (1961) . The Jwg mutation causes the absence of wings and a variety of leg defects such as total loss of toe nails, missing of the distal phalanx in digit 3, and ankylosis of the leg in homozygous; heterozygotes have only subtle defects in legs (Kondo et al., 1961; Hirai, 1962) . Jwg has been reported to be an autosomal dominant mutation (Kondo et al., 1961; Hirai, 1962 eggs were incubated at 37.5°C until they reached the desired stages. The precise developmental stages were determined by numbers of somites and the shape of leg buds according to the series of Hamburger and Hamilton (1951) . We examined 10-day homozygous embryos by Alcian blue staining to confirm that the wing is truncated at the pectoral girdle.
Skeletal specimen
Skeletal specimens for Jwg and normal Light Sussex chicks were prepared according to the standard procedure. Briefly, the chicks were sacrificed at more' than 12 months after hatching and their integuments, muscles and viscera were surgically and enzymatically removed. After bleaching with 3% hydrogen peroxide, the bones were reconstructed and wired as natural relationships.
Histology
Embryos to be examined for the presence of the ridge structures were fixed in 4% paraformaldehyde (PFA), embedded in paraffin, sectioned, and stained with hematoxylin-eosin for light-microscopic observation.
Cartilage staining
Embryos were removed from the egg and washed in phosphate-buffered saline and fixed overnight in 4% PFA. They were then transferred to acid alcohol and stained with 0.1% Alcian blue in acid alcohol overnight. After removal of Alcian blue, the embryos were differentiated in acid alcohol overnight, dehydrated in 100% ethanol, and cleared in methyl salicylate.
Whole-mount in situ hybridization
Embryos were fixed overnight in 4% PFA at 4°C and dehydrated in a series of graded ethanol washes. Processing and hybridization were performed as described by Wilkinson (1992) , using digoxygenin-labeled riboprobes.
The in situ riboprobes have been described previously: Shh , Msxl, Msx2 (Nohno et al., 1992) , and Prxl (Nohno et al., 1993). For Fgf4, Fgf8, FgflO, Wnt7a, Lmxl, Enl, and Lh2 probes, the corresponding cDNAs were cloned by RT-PCR from a 3.5 day limb bud mRNA. The PCR products were subcloned into the pBluescript SK, pCR-Script SK (Stratagene), pGEM7zf (Promega), or pCRII (Invitrogen) vectors. Clones were sequenced and confirmed as desired cDNAs by comparison with previously published sequences (Gavin et al., 1990; Logan et al., 1992; Xu et al., 1993; Niswander et al., 1994; Riddle et al., 1995; Tanaka et al., 1995; Yamasaki et al., 1996) . These plasmid DNAs were linearized and used as templates for preparing RNA probes (Table 1 ).
Implantation of Fgf8-expressing cells
We obtained a cDNA encoding FGF8b (MacArthur et al., 1995; isoform 1, Crossley and Martin, 1995) by screening of a stage 22 limb bud library. The Fgf8b cDNA was subcloned into Clal2Nco shuttle vector (Hughes et al., 1987) . The resultant plasmid was digested with ClaI, and the insert was subcloned into an avian retrovirus vector RCASBP(A) (Hughes et al., 1987) , generating RCASFgf8b. RCASBP(A) contains an A-type envelope protein that is able to infect the embryo fibroblasts derived from a specific pathogen-free White Leghorn chick embryo (Nisseiken, Tokyo) but unable to infect the Jwg strain used as a Table 1 Genes used in this study 
